Niemann-Pick disease type C, an autosomal recessive lysosomal storage disorder, can present with severe visceral and neurologic involvement and is associated with a significant decrease in life expectancy. As little is known about anesthetic considerations of this disease, we examined the perianesthetic course of patients with Niemann-Pick disease type C. Thirty-two patients with Niemann-Pick disease type C, median age 6.9 years (1.8-33 years), underwent 64 general anesthetics for diagnostic procedures. Perianesthetic morbidity included need for tracheal reintubation, pneumonitis, hypothermia, and seizure. Therefore, Niemann-Pick disease type C-associated neurologic and visceral involvement might have anesthetic implications that neurologists and pediatricians should be aware of and consider discussing with parents, guardians, and the patient's care team when procedures requiring anesthesia are planned. Furthermore, it is important for delivery of safe anesthesia that there is communication among care team members so that all involved understand the disease manifestation spectrum.
Niemann-Pick disease involves a group of autosomal recessive lysosomal storage disorders that includes 4 subgroups: A, B, C, and D. Niemann-Pick disease types A and B are associated with sphingomyelinase deficiency. Conversely, Niemann-Pick disease type C involves alterations in the intracellular transport of endocytosed cholesterol and accumulation of unsterified cholesterol in lysosomes and endosomes due to mutations in either the NPC1 or NPC2 genes (for reviews and clinical recommendations, see references [1] [2] [3] [4] [5] [6] [7] . Niemann-Pick disease type C has an autosomal recessive pattern of inheritance and an incidence of approximately 1:120,000 live births, and the majority of patients have the NPC1 mutation. [2] [3] [4] The Niemann-Pick disease type C with NPC1 mutation affects both males and females equally and has been described in all ethnic groups. The age of clinical onset varies widely, and patients with the NPC1 mutation can present with a broad spectrum of signs and symptoms that reflect involvement of the central nervous system and several viscera. 2, 3 Visceral (liver and spleen) and neurological involvement can manifest at different times and have independent clinical courses. The clinical manifestations can involve a spectrum of neurological deficits including vertical gaze palsy, dystonia, dysphagia, seizures, and progressive dementia. In some patients with NPC1 mutation, because of severe neurological impairment and dysphagia and consequent recurrent aspiration and decreased thoracic muscle strength, lung disease may ensue. With systemic disease, hepatosplenomegaly can be severe but is often well tolerated. Patients with NPC1 mutation usually exhibit normal development for the first few years of life and then develop speech impediment and loss of other neurological skills. 2, 3, [8] [9] [10] [11] The disease is associated with significant decrease in life expectancy, and, unfortunately, effective therapy is lacking. 12 In severe cases of Niemann-Pick disease type C, early death can be caused by liver failure or severe neurological impairment.
Given the complexity of Niemann-Pick disease type C and its broad spectrum of clinical presentation, it is highly likely that many of these patients will require a number of diagnostic and therapeutic procedures during the course of their disease that will require anesthesia. However, little has been reported on the anesthetic management or the morbidity associated with anesthesia in patients with Niemann-Pick disease type C. 13, 14 The purpose of this study was to prospectively examine the anesthetic care of a large series of patients with Niemann-Pick disease type C with confirmed NPC1 mutation in order to describe and quantitate the incidence of morbidity during the perianesthetic period.
Methods
The Institutional Review Board of the Eunice Kennedy Shriver National Institute of Child Health and Human Development approved the study as part of an investigational protocol of biochemical markers and natural history of Niemann-Pick disease type C. Consent for participation in this research, including anesthetics and procedures, was obtained from parents or guardians. The selection of anesthetic technique used for each patient was made by the primary anesthesiologist at the tertiary clinical research center.
Prospectively, we examined data on patient demographics, primary diagnosis, routine drug regimen, physical findings, diagnostic and therapeutic procedures, anesthetic techniques, drugs used, length of anesthesia, and perianesthetic events from August 2006 to May 2009. When evaluating complications, we focused on anesthetic and procedural complications and noted events and associated clinical findings (seizures, airway complications, decreases in oxygen saturation, postdural puncture headaches) during the postoperative period up to 48 hours after the procedure.
We also reviewed the literature on the clinical characteristics and therapy of Niemann-Pick disease and on anesthetic management of the syndrome. We searched EMBASE (1974 to August 2011) and MED-LINE (1968 to November 2011) and scanned references from all included reports using MeSH headings (carrier proteins, anesthesia, and analgesia), subheadings (diagnosis, classification, etiology), and keywords (Niemann-Pick, anesthesia).
Descriptive results are presented as means, medians, and mean + standard deviation as indicated.
Results Patients
We enrolled 32 patients with Niemann-Pick disease type C and NPC1 mutation who underwent 64 general anesthetics for diagnostic procedures. Every effort was made to combine 2 or more procedures during the same anesthesia in order to minimize the number of anesthesia episodes. Results of biochemical, metabolic, and clinical progression studies associated with Niemann-Pick disease type C that included patients enrolled in the present study have been previously reported. 6,15,16 Table 1 lists demographic characteristics and major clinical findings of all patients enrolled and Table 2 their preoperative drug regimen at time of anesthesia. Among 32 patients, 29 were children and adolescents who were diagnosed at ages ranging from 3 months to 15 years. Specifically, 7 patients were diagnosed in the early-infantile period (3 months to <2 years), 11 in the late-infantile period (2 to <6 years), and 11 in the juvenile period (6-15 years); 3 patients were diagnosed with Niemann-Pick disease type C at the age of 21, 24, and 33 years. 2 Figure 1 shows the number of patients and inductions of anesthesia according to age at times of diagnosis and time of anesthesia conducted for diagnostic procedures.
Almost all patients had mild to moderate hepatosplenomegaly and elevation of transaminases (97%), and 50% had thrombocytopenia. Thirty-one percent of patients had pulmonary disease manifested by chronic cough and prior episodes of aspiration (Table 1 ). Most patients had varying degrees of neurological deficits including cognitive impairment, ataxia, impaired eye movement, hearing deficit, speech delay, and swallowing abnormalities. Given the severity of their disease, 29 (91%) patients were classified as American Society of Anesthesiologist category III, defined as patients with severe systemic disease and definite functional impairment (Table 1) . 
Procedures and Anesthetic Management
We conducted 64 imaging studies, 62 lumbar punctures, 52 auditory brainstem response evaluations, and 20 skin biopsies according to requirements of the investigational protocol (Table 3) . A few patients needed to be transported between locations in the hospital for the conduct of different procedures. Given the experimental protocol requirements, brain magnetic resonance imaging (MRI) and spectroscopy were conducted in the radiology department and lasted 2.5 to 3 hours. Auditory brain response, skin biopsy, and lumbar puncture were performed in the operating room or a procedure room (adjacent to radiology), which combined lasted approximately about 1.5 to 2 hours. The skin biopsy and lumbar puncture were done in the lateral decubitus position concomitantly with the auditory brain response. In 1 patient, a lumbar puncture was deferred because coagulation studies were abnormal. Sixty-three of the 64 MRI studies were conducted in a 3-T magnet. All procedures required general anesthesia, all patients were continuously monitored according to the American Society of Anesthesiologists monitoring standards, and no invasive monitors were used. Nineteen patients received preoperative sedation with midazolam (0.1 mg/kg up to 2 mg). When no intravenous access was available, anesthesia was induced with inhalation of sevoflurane and 70% nitrous oxide in oxygen (12 anesthetics in 12 patients), and when patients had an intravenous catheter in place (52 anesthetics for 20 patients), anesthesia was induced with propofol. Three patients who had a history of recurrent aspiration and chronic cough underwent trachea intubation after induction of anesthesia. For the duration of studies, anesthesia was maintained with intravenous propofol (total mean propofol administered 1391 + 754 mg; range, 278-3756 mg). Mean anesthesia and recovery times were 251 minutes (range, 170-360 minutes) and 66 minutes (range, 30-360 minutes), respectively. The administration of intravenous fluid was determined according to the patient's age, weight, and duration of anesthesia (431 + 125 mL, mean + standard deviation; range 200-1100 mL). Table 4 lists the perianesthetic events observed in this series. Twelve patients with ages ranging from 1.8 to 11 years had profuse sweating without significant elevation of temperature while in the 3-T magnet during MRI. Four older patients became mildly hypothermic with temperatures decreasing to levels between 34.4 C and 35.2 C. A 32-year-old patient with severe neurological impairment had bradycardia (44 beats per minute) associated with moderate hypothermia (temperature 34.4 C). Three patients who had preexisting cough, dysphagia, and history of aspiration had intraprocedural episodes of decreases in oxygen saturation, tachypnea and tachycardia, and persistent oxygen requirement in the recovery room. These patients were then admitted to an intensive care unit for monitoring and observation. Two of these 3 patients required reintubation of the trachea for a short period of time to secure airway, facilitate tracheal suctioning, and improve oxygenation. The third patient remained in the intensive care unit for 3 days because a chest radiograph showed a new left lower lobe infiltrate compatible with pneumonitis. One patient displayed short-lived and spontaneously resolving myoclonic jerks during induction of anesthesia with sevoflurane. Another patient with a known history of seizure was found to have seizure activity in an electroencephalogram after extubation and required midazolam and additional doses of anticonvulsants. In this series, efforts were made to maintain the routine drug administration regimen during the perianesthesia period. 
Review of the Literature
We found only 1 report addressing the implications of anesthesia or its management in patients with Niemann-Pick disease type C. Although not specifically stated in the article, it is highly probable that all of the patients from that report had Niemann-Pick disease type C with NPC1 mutation given the clinical presentation described. 17 That article reported the use of sedation with chlorpromazine, meperidine, and pentobarbital (a sedation regimen that is seldom used in current practice) for the conduct of liver biopsies in 14 patients with Niemann-Pick disease type C. 17 Two other reports referred to the anesthetic management of patients with Niemann-Pick disease type A and type B, which are very distinct diseases from Niemann-Pick disease type C. One reports a 2-year-old boy with Niemann-Pick disease type A who underwent an emergent splenectomy 14 and the other a 56-year-old male patient with Niemann-Pick disease type B who underwent elective coronary artery bypass graft. 13 
Discussion
In patients with Niemann-Pick disease type C, given the involvement of multiple viscera and of the central nervous system, a multitude of diagnostic and therapeutic procedures will likely be required for diagnosis and monitoring of response to therapy. Because many of these procedures are done in young children and cognitively impaired adolescents and adults, general anesthesia is likely to be needed even for noninvasive procedures. Although much has been learned about the genetic, molecular, and diagnostic features of the disease, we found only 1 report addressing the anesthetic management of Niemann-Pick disease type C. In this investigation, we report a series of 32 patients with Niemann-Pick disease type C with NPC1 mutation who underwent a total of 64 general anesthetics for diagnostic procedures in a tertiary care research center. To our knowledge, this is the largest series of anesthetic procedures in children with confirmed Niemann-Pick disease type C with NPC1 mutation. The data reported here likely are of interest to parents, guardians, pediatricians, internists, and neurologists alike who might prepare and counsel patients who will undergo procedures that require anesthesia. It is imperative that information related to a patient's diagnosis, natural history, and drug regimen be conveyed to anesthesiologists caring for the patient in the perioperative period so that all anesthetic implications can be considered and discussed. Our findings suggest that a number of issues related to the visceral and central nervous system involvement in Niemann-Pick disease type C can have implications for anesthesia. One such issue is the presence of hepatosplenomegaly with associated transaminase elevation, which in our series was present in 97% of the patients. Hepatosplenomegaly in patients with Niemann-Pick disease type C can be severe and associated with liver function deficits and ascites. In addition, splenomegaly may be associated with thrombocytopenia, which was observed in 50% of our patients. Therefore, when anesthetizing children with Niemann-Pick disease type C, the issues of increased intra-abdominal pressure and decreased functional residual capacity need to be considered. Although we do not advocate routine evaluation of liver function tests prior to elective procedures, one must be keenly aware of the possibility that they can be altered. Nevertheless, the visceral involvement in patients with Niemann-Pick disease type C can be severe, can have implications in the perioperative period, and may require additional preoperative investigations. In our series, most patients had a spectrum of neurological deficits that included cognitive impairment, ataxia and/or clumsiness, vertical supranuclear gaze palsy, dysarthria, dysphagia, hearing impairment, and seizure. The presence of such deficits can make the approach to the patient and the patient's separation from the parents more challenging. Preoperative sedation should be considered to facilitate the acceptance of inhalation induction or insertion of intravenous catheter. Many patients have difficulties swallowing secretions, which might increase the risk of aspiration; therefore, administration of anticholinergic agents should be considered during anesthesia.
One of our patients, a 4-year-old child without a history of seizures, developed a short episode of generalized tonic-clonic seizure-like activity during mask induction of anesthesia with sevoflurane. As this episode was short-lived and spontaneously resolved, the anesthetic was continued and the planned procedures performed. Postoperatively, the patient was found to have seizure-like spike discharges on electroencephalogram. Another patient had a seizure postoperatively that was thought to be related to a missed dose of his anticonvulsant. Researchers have shown that with sevoflurane, a faster anesthetic induction, higher concentrations (>2.0 minimum alveolar concentration), and hyperventilation can be associated with epileptiform activity on electroencephalogram. [18] [19] [20] These authors suggested that sevoflurane concentrations used for inhaled induction in pediatric anesthesia should be reduced and hyperventilation by controlled ventilation should be avoided. Therefore, our findings further demonstrate that the routine schedule of preoperative medications, especially all anticonvulsants, should be maintained. In addition, to avoid the possibility of sevoflurane-associated seizures, intravenous induction of anesthesia might be preferable to avoid the use of sevoflurane.
Pulmonary involvement and lung disease in patients with Niemann-Pick disease type C should be considered when planning the anesthetic for these patients. It is noteworthy that contrary to what is seen in patients with Niemann-Pick disease type C with NPC2 mutation who might have primary lung disease, 21 in patients with NPC1 mutation, pulmonary involvement is predominantly secondary to profound neurological impairment and consequent recurrent aspiration and muscle weakness. In our series, one fourth of the patients had a history of chronic cough and/or history of aspiration pneumonia. Following our institutional practice, 22 in the present study, unless contraindicated, we maintained patients anesthetized without airway instrumentation for diagnostic procedures in the 3-T MRI suite and main operating room. With this regimen, the conduct of all scheduled studies was possible. Most patients tolerated the anesthesia and procedures well and were discharged from the postanesthesia care unit after a 1-hour stay (average) without anesthetic complications. Therefore, for elective noninvasive procedures, patients with Niemann-Pick disease type C can be anesthetized without airway instrumentation; however, a decision to intubate the trachea should take into consideration preexisting history of aspiration. As such, in our series we decided to electively intubate the trachea of patients with history of recurrent aspiration.
We did observe some morbidity during the anesthesia of patients with Niemann-Pick disease type C, which is in concert with findings previously reported with the use of similar anesthesia technique in patients with American Society of Anesthesia physical status III. 22 We observed that some of our younger children (11 children during 15 general anesthetics) presented profuse sweating while in the 3-T MRI scanner without significant changes in temperature. Although we did not observe hyperthermia, the findings of profuse sweating are in concert with reports indicating that substantial patient warming can occur in a 3-T magnet. 3 Interestingly, we also had 4 older patients with long-term, severe neurological impairment who had hypothermia during MRI. Therefore, careful monitoring of temperature of children and adolescents with Niemann-Pick disease type C undergoing MRI is certainly warranted.
In this series, we observed episodes of decreases in oxygen saturation in 4 patients. Those patients had a history of dysphagia, increased oral secretion, drooling, chronic persistent cough, or history of aspiration; 2 patients had to be reintubated to enable suction of tracheal secretions and improve oxygenation. Although there were no episodes of witnessed aspiration, it is conceivable that these episodes of hypoxia resulted from a combination of atelectasis associated with increased abdominal pressure and possible aspiration of oral secretions. Those patients who had episodes of decreases in oxygen saturation during anesthetics were transported to the intensive care unit for overnight observation and later discharged without sequelae. Therefore, patients with Niemann-Pick disease type C are at risk for episodes of decreases in oxygen saturation that can possibly be associated with aspiration of oral secretions or preexisting lung involvement.
Summary
We prospectively examined the administration of anesthesia in 32 patients with Niemann-Pick disease type C with confirmed NPC1 mutation who underwent a total of 64 inductions of anesthesia for diagnostic procedures. For those treating and preparing children with Niemann-Pick disease type C to undergo anesthesia, a clear understanding of the extent of visceral and neurological involvement is of utmost importance. As our series illustrates, children with Niemann-Pick disease type C are at risk of perianesthetic morbidity; however, once all possible comorbidities in patients with Niemann-Pick disease type C are defined, perianesthesia morbidity can be anticipated and addressed, and the anesthetic courses are likely to be, for the most part, uneventful. prepared the manuscript. NPO collected the data and prepared and reviewed the manuscript. NY collected the data and prepared and reviewed the manuscript. FDP designed the study, collected the data, and reviewed the manuscript. ZMNQ designed the study, collected and interpreted the data, and reviewed the manuscript.
